Asialoglycoproteins are cleared from the plasma via receptor-mediated endocytosis. Cell-surface receptors on hepatocytes recognize terminal galactose residues exposed on asialoglycoproteins (for review see Ashwell & Morell, 1974) . In addition, pathways for the hepatic recognition of glycoproteins exposing terminal N-acetylglucosamine (Stockert et al., 1976; Kawasaki & Ashwell, 1977) , mannose (Winkelhake & Nicolson, 1976a; Baynes & Wold, 1976; Brown et al., 1978) and L-fucose (Prieels et al., 1978) residues were found. Rat lysosomal enzymes appear to become recognized by receptors that recognize terminal N-acetylglucosamine residues (Stahl et al., 1976a,b) , whereas hepatic clearance of J-N-acetylglucosaminidase (EC 3.2.1.30 ) and glucocerebrosidase from human sources seems to be mediated by galactose-specific receptors (Bearpark & Stirling, 1977; Furbish et al., 1978) . In contrast, endocytosis of human urine a-N-acetylglucosaminidase (EC 3.2.1.50) by two permanent epithelial rat liver cell lines is mediated only by mannose 6-phosphaterecognizing cell-surface receptors (Ullrich et al., 1978b ).
The present study shows that endocytosis of human urine a-N-acetylglucosaminidase by isolated rat Vol. 180 hepatocytes is mediated by at least three different cell-surface receptor systems.
Materials
Sugar phosphates and sugars, all sodium salts, were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and Boehringer Mannheim (Mannheim, Germany), and o-nitrophenyl f6-D-galactoside and p-nitrophenyl 2-acetamido-2-deoxy-a-D-glucopyranoside were from Koch-Light (Colnbrook, Bucks., U.K.). Escherichia coli alkaline phosphatase (EC 3.1.3 .1) was purchased from Boehringer Mannheim, Vibrio cholerae neuraminidase (EC 3.2.1.18) from Behringwerke (Marburg, Germany), endoglucosaminidase H from Seikagaku (Tokyo, Japan) and collagenase I (EC 3.4.24.3) (1976) . Asialo derivatives of fetuin and orosomucoid were prepared by acid hydrolysis (Stockert et al., 1976 Seglen (1976) . Female Wistar rats (200-250g) were fed with water and Altromin (Lange, Lappe, Germany) ad libitum. Perfusion was done in situ via the portal vein with 300 ml of Ca-free perfusion buffer (Seglen, 1976) containing 20mM-glucose, followed by 300 ml of the same buffer without EGTA at 37°C and a flow rate of 50ml/min in a non-recirculating system. The buffer in the reservoir cylinder was oxygenized by bubbling. After surgical removal, the liver was transferred to a dish and collagenase perfusion was done for 15min in a recirculating system with 100ml of the collagenase buffer of Seglen (1976) , supplemented with 20mM-glucose. After perfusion, liver capsula was removed and cells were obtained by combing with a dog comb in 100ml of cold EGTA-free perfusion buffer. After passage through a nylon net (250pum mesh) the cells were gently shaken under 02 for 10min at 37°C followed by a second passage through a 50,um nylon net.
Hepatocytes were pelleted three times by centrifugation at 65g for 1 min in ice-cold Eagle's minimal essential medium (Eagle, 1959) containing 10% foetal calf serum (LS-Labor Service, Munchen, Germany). Only hepatocyte preparations with more than 90% viable cells were used for differential centrifugation in a Percoll gradient in sucrose as described (Ullrich et al., 1978b) . Up to 40 x 106 cells were layered on a gradient of 22ml. Hepatocytes banding at a density of 1.06-1.08g/ml were washed twice with cold medium containing 10% foetal calf serum by centrifugation at 65g for 3min. The final preparations contained less than 8 % non-viable cells.
Cell culture
Rat hepatocytes (2.5 x 106) in 5 ml of medium supplemented with 20 % foetal calf serum, nonessential amino acids and antibiotics (Cantz et al., 1972) were plated into 60mm Falcon plastic dishes. The cultures were free of macrophages as demonstrated by the lack of phagocytosis of(a) ink (Gunther Wagner, Hannover, Germany) and (b) fluorescein isothiocyanate -conjugated immunoglobulin G (Behringwerke).
Enzyme preparation
Four different preparations of human urine a-N-acetylglucosaminidase were used. Preparations A and B were purified to homogeneity as described by von Figura (1977a) to specific activities of 2.0 (form A) and 1.75 (form B) units/mg of protein (Lowry et al., 1951) . Preparations C and D were obtained after purification step 2 of von Figura (1977a) (specific activities: form C 92, and form D 100munits/mg of protein). 8-Galactosidase (EC 3.2.1.23) and N-acetylglucosaminidase from Diplococcus pneumoniae were obtained as described by Hughes & Jeanloz (1964a,b) . One unit of enzyme activity is that amount of enzyme catalysing the breakdown of Ipmol of substrate/min at 37°C.
Endocytosis of a-N-acetylglucosaminidase
Unattached cells were sucked off, and 1.7ml of medium containing 20 % foetal calf serum was added 6 h after plating. a-N-Acetylglucosaminidase dialysed for 24h against 10mM-sodium phosphate (pH6.0)/ 150mM-NaCl and inhibitors in iso-osmotic solution were added in a volume of 0.3ml. Unless otherwise stated a-N-acetylglucosaminidase concentration was 2munits/ml and the period of endocytosis was 14h. Cells were harvested with trypsin. After ten cycles of freezing and thawing, protein (Kaltwasser et al., 1965 ) and a-N-acetylglucosaminidase activity were assayed (von Figura, 1977a) . Unless otherwise stated each experimental value is the mean of duplicates. Each experiment was repeated at least three times.
Treatment of a-N-acetylglucosaminidase with alkaline phosphatase and glycosidases
Alkaline phosphatase [free of fi-galactosidase, /J-hexosaminidase and a-mannosidase (EC 3.2.1.24)] treatment of a-N-acetylglucosaminidase forms A and D was done exactly as described by Ullrich et al. (1978a) . For treatment with Vibrio cholerae neuraminidase (specific activity 4 units/mg of protein), a-N-acetylglucosaminidase form A and neuraminidase were dialysed for 16h against 50mM-sodium acetate, (pH 5.5)/2 mM-CaCl2.ca-N-Acetylglucosaminidase (85 munits/ml) was digested with neuraminidase (90 munits/ml) for 65 h under toluene in 50mM-sodium acetate (pH 5.5)/2mM-CaCl2. After digestion, neuraminidase was completely removed by affinity chromatography on a fetuin-Sepharose 4B column as described by Winkelhage & Nicolson (1976b) . Treatment of a-N-acetylglucosaminidase with ,B-galactosidase (specific activity 3.4 units/mg of protein), final concentration 1.5 units/ml, or a mixture off,-galactosidase and fl-N-acetylglucosamini-1979 dase (specific activity 1.4 units/mg of protein; final concentration of both enzymes 1.5 units/ml) was done as described by von Figura (1977b) . After digestion, fi-galactosidase was removed by affinity chromatography on a Sepharose 4B column substituted with p-aminophenyl 1-thio-f-D-galactopyranoside and equilibrated in 10mM-sodium phosphate (pH 6.0)/150mM-NaCI.
Digestion of a-N-acetylglucosaminidase forms A and D with 10munits of endoglucosaminidase H (specific activity 30 units/mg of protein) for 6h at 37°C was done in 80mM-sodium phosphate buffer (pH5.5)/l30mM-NaCI/0.01 % bovine serum albumin in a final volume of 0.1 ml.
Treatment of hepatocytes with fi-galactosidase and neuraminidase ,B-Galactosidase from Diplococcuspneumoniae was dialysed against 10mM-sodium phosphate (pH6.0)/ 150mM-NaCl and neuraminidase from Vibrio cholerae against 50mM-sodium acetate (pH5.5)/ 2mM-CaC12 for 16h. The cultures were incubated, 20h after plating, with 0.7 ml of 10mM-sodium phosphate buffer/150mM-NaCi, pH7.0, to which either 0.3ml of f-galactosidase (500munits) or 0.3ml of neuraminidase (65 munits) was added. Controls were incubated with the buffer mixtures alone. After incubation for 1 h at 37°C the enzymes were removed by washing the plates five times with medium. Endocytosis was assayed at 4munits of a-N-acetylglucosaminidase/ml during a 4h incubation period.
Results
Adsorptive endocytosis of a-N-acetylglucosaminidase by hepatocytes a-N-Acetylglucosaminidase showed a saturable uptake by hepatocytes (Fig. 1) . At 2munits/ml the a-N-acetylglucosaminidase clearance rates varied from 1.2 to 10p/ml per mg of cell protein for forms A-D (see Table 3 ). The Kuptake (enzyme concentration at half-maximal saturation of uptake) for form A (clearance rate 10,u1/ml per mg of cell protein) was calculated to be 4.5munits/ml (approx. 7.5nm-enzyme). A single hepatocyte may internalize up to 1.7 x 101 a-N-acetylglucosaminidase molecules/ h. When uptake was assayed 6-32h after plating, the clearance rate was not affected by the interval between plating and the endocytosis experiment. The rate of endocytosis was linear from 3 to 24h. The internalized human urine a-N-acetylglucosaminidase differs from the endogenous rat hepatocyte a-N-acetylglucosaminidase by its greater heatlability (Fig. 2) inhibited by glycoproteins with terminal galactose residues (asialo derivatives of orosomucoid and fetuin), terminal N-acetylgalactosamine residues (desialylated bovine submandibularis mucin) and by mannose 6-phosphate and a mannan rich in phosphorylated mannose residues (mannan VIII). Glycoproteins with terminal neuraminic acid residues and a variety of other sugar phosphates were not inhibitory (Table 1 ). All monosaccharides tested, at a concentration of 50mM, were found to inhibit (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) a-N-acetylglucosaminidase endocytosis to 65-75% of that of controls. Only galactose inhibited endocytosis to a higher extent (Table 2 ). All compounds inhibiting a-N-acetylglucosaminidase endocytosis were assayed for their effect on receptor-mediated endocytosis of sulphated proteoglycans by hepatocytes. None of these compounds inhibited proteoglycan endocytosis, except asialo-orosomucoid, which consistently reduced proteoglycan endocytosis by 20 % (R. Prinz, K. Ullrich & K. von Figura, unpublished results) . These results exclude a general inhibitory effect of these compounds on the endocytosis system. The extent-of inhibition produced by the different inhibitors varied for different a-Nacetylglucosaminidase charges (Table 1) . However, when the amounts of enzyme cleared by either the galactose-recognizing receptor or the mannose 6-phosphate-recognizing receptor, of four different a-N-acetylglucosaminidase forms were compared, it became evident that a fairly constant amount of enzyme was cleared via the mannose 6-phosphaterecognizing receptor, whereas a great variation was found for clearance via the galactose-recognizing receptor (Table 3 ). The purified enzyme forms A and B exhibited high, and the partially purified forms C and D low, clearance rates via the galactose-recognizing receptor. These findings suggest the presence of endogenous inhibitors for the galactose-recognizing receptor in the partially purified forms C and D. This was supported by the observation that a mixture of equal amounts of forms A and D was cleared only at the low rate observed for form D alone. Upon purification of form D to homogeneity, the total clearance rate and that part of the enzyme cleared via the galactose-recognizing receptors increased in a parallel manner (results not shown).
The effects of asialo-orosomucoid and mannose 6-phosphate were additive (Table 1) . The low residual clearance, equivalent to 0.3-0.5p1/h per mg of cell protein, might partly represent non-specific fluid endocytosis. The weak inhibition produced by horseradish peroxidase and mannan I, both of which are known to interact with cell-surface receptors specific for mannose (Achord et al., 1977b; Stahl et al., 1978) , might suggest that mannose-specific receptors are present on hepatocytes.
Treatment of a-N-acetylglucosaminidase with alkaline phosphatase and glycosidases Treatment of lysosomal enzymes with alkaline phosphatase and endoglucosaminidase H is known to destroy the recognition of lysosomal enzymes via mannose 6-phosphate-specific receptor (Kaplan et al., 1977a; von Figura et al., 1978; von Figura & Klein, 1979) . Uptake of a-N-acetylglucosaminidase forms A and D was reduced after treatment with both enzymes (Table 4 ). The degree of inhibition after 1979 Table 4 . Effect oftreatment with alkaline phosphatase, endoglucosaminidase H, fi-galactosidase, fi-N-acetylglucosaminidase and neuraminidase on a-N-acetylglucosaminidase endocytosis Treatment of a-N-acetylglucosaminidase with enzyme was done as described in the Methods section. To the medium of the controls, a-N-acetylglucosaminidase treated with buffer was added. Alkaline phosphatase, endoglucosaminidase H and f-galactosidase had no effect on the activity of a-N-acetylglucosaminidase and endocytosis of a-N-acetylglucosaminidase, when added to the medium of the controls. a-N-Acetylglucosaminidase was separated from neuraminidase and 8-galactosidase by affinity chromatography (see the Methods section) before determination of uptake. The buffertreated controls of the experiments were likewise subjected to affinity chromatography. Abbreviation: n.d., not determined treatment with these enzymes was comparable with that produced by mannose 6-phosphate (see Table 1 ). 
Discussion
Several studies have demonstrated the rapid clearance of lysosomal enzymes from the plasma and predominant uptake by the liver (Thorpe et al., 1974; Marinkovic et al., 1976; Schlesinger et al., 1976; Achord et al., 1977a : Fiddler & Desnick, 1977 acetylglucosaminidase (Bearpark & Stirling, 1977) . Clearance of human glucocerebrosidase was likewise enhanced after neuraminidase treatment . In studies with isolated hepatocytes and non-parenchymal liver cells, Furbish et al. (1978) demonstrated a preferential uptake of the desialylated glucocerebrosidase by hepatocytes. Studies with a permanent epithelial rat liver cell line (Ullrich et al., 1978b) suggested that hepatocytes may recognize lysosomal enzymes via the same phosphorylated carbohydrate, that is recognized by cell-surface receptors on fibroblasts (Kaplan et al., 1977a,b; Sando & Neufeld, 1977; Ullrich et al., 1978a) . A third recognition system for lysosomal enzymes predominantly located on non-parenchymal cells (Achord et al., 1978) , which recognizes both terminal N-acetylglucosamine and a-mannose residues (Achord et al., 1977b) , was shown to be involved in the hepatic clearance of several rat lysosomal enzymes (Stahl et al., 1976a,) and of the low-uptake form of human placenta ,B-glucuronidase (Achord et al., 1978) .
The present findings indicate that hepatocytes endocytose native human urine a-N-acetylglucosaminidase predominantly by recognition of terminal galactosyl residues. The receptor system involved in a-N-acetylglucosaminidase recognition via galactose had similar characteristics to those described by Ashwell & Morell (1974) and Stockert et al. (1977) , namely inhibition by glycoproteins exposing galactose or N-acetylgalactosamine residues and susceptibility to pretreatment with neuraminidase. Minor parts of a-N-acetylglucosaminidase were endocytosed by receptors recognizing mannose 6-phosphate and terminal mannose residues.
Evidence for participation of mannose 6-phosphate residues in the recognition of a-N-acetylglucosaminidase stems from inhibition experiments and the effect of pretreatment with modifying enzymes. These results confirm earlier findings in two epithelial rat liver cell lines (Ullrich et al., 1978b) . Involvement of terminal mannose residues in the recognition was suggested by the inhibitory effect of horseradish peroxidase and mannan I. In contrast with human glucocerebrosidase of which the agalacto form was more rapidly endocytosed than its sialo and asialo forms by hepatocytes , the agalacto form of a-N-acetyglucosaminidase was only poorly endocytosed. Whether the N-acetylglucosamine-recognizing receptors on hepatocytes are identical with the well-characterized N-acetylglucosamine/mannose-recognizing receptors that are predominantly located on the macrophage system (Achord et al., 1978; Stahl et al., 1978) is not clear. The minor effect of P-N-acetylglucosaminidase treatment on endocytosis of agalacto-a-N-acetylglucosaminidase would be compatible with the view that receptors are present on hepatocytes that interact with both N-acetylglucosamine and mannose as reported for macrophages.
The N-glycosidically linked oligosaccharide side chains of glycoproteins fall into two classes, the simpler ones of the high-mannose type, containing only mannose and N-acetylglucosamine residues, and the more complex ones of the lactosaminyl type, which in addition contain neuraminic acid, galactose and L-fucose (for review see Kornfeld & Kornfeld, 1976) . Recognition of a-N-acetylglucosaminidase via mannose 6-phosphate residues is lost after treatment with endoglucosaminidase H, which specifically cleaves N-glycosidically linked oligosaccharides of the high-mannose type (von Figura et al., 1978) . The oligosaccharides released by endoglucosaminidase H bear phosphate groups on mannose residues (von Figura & Klein, 1979) . The present findings confirm that the phosphorylated mannose residues are located on side chains of the high-mannose type, whereas the receptors specific for galactose probably recognize oligosaccharide side chains of the lactosaminyl type. The present results do not allow us to decide whether the different types of side chains are located on the same enzyme molecule or whether they are present only on different enzyme molecules. The additive effect of asialo-orosomucoid and mannose 6-phosphate, however, would fit better with the latter possibility.
